Some thermophilic species of Bacillus were characterized using biochemical tests, antibiotic sensitivity, bacteriocin and bacteriophage sensitivity, esterase patterns, DNA hybridization and o/o G + C content, The three caldo-active strains of bacilli isolated by Heinen (1971) were compared with strains of B. stearothermophilus. Eight of the strains examined showed characteristics which enabled them to be placed in the three main taxonomic groups suggested by Walker & Wolf (1971). Two strains showed characteristics of both groups 1 and 3. Examination of genotype data showed taxonomic groupings which differed from those based on phenotypic characterization. B. caldovelox and B. caldolyticus were from Dr W. Heinen, University of Nijmegen, Holland. Bacillus coagulans ATCC 8038, B. coagulans ATCC 12245, B. subtilis 168 (Trp-), B. amyloliquefaciens H1 , B. megaterium K M and Escherichia coli K12 (Hfr) were also used.
INTRODUCTION
Over the past decade there has been a considerable increase in interest in the thermophilic bacteria and their enzymes (Brock & Freeze, 1 969 ; Atkinson, 1973 ; Singleton & Amelunxen, 1973; Jung et al., 1974; Williams, 1975; Atkinson et al., 1975) . We have examined the taxonomic position and relationships between strains of Bacillus stearothermophilus, B. cmguluns, the caldo-active bacteria isolated by Heinen (1 971) and the thermophile isolated by Epstein & Grossowicz (1969) . The latter was at first identified as a subspecies of B. coagulans but later as a starch-negative strain of B. stearothermophilus (Cazzulo et al., 1969 (Cazzulo et al., , 1970 Atkinson et al., 1975) . Three other thermophilic bacilli isolated in this laboratory were also examined.
METHODS
Strains aiid growth. Strains of Bacillus steamthermophilus used were: ATCC 12016; NCA 1503 (NClB 8924); strain 10, from Dr N. Welker, North Western University, Ill., U.S.A.; strain RS93, isolated from the hot water supply to the fermentation plant at the Microbiological Research Establishment, Porton, Salisbury (Sharp et al., 1979) ; strain 240, isolated from chalky soil in the Salisbury area; strain 262, isolated from an IceIandic hot water spring; and strain 136, isolated by Epstein & Grossowicz (1969) . Cultures ofB. caldotenax, Gels were prepared by dissolving 23 g soluble starch in 200 ml electrophoresis bufl'er (90 mM-Tris, 90 m~boric acid, 3 niM-EDTA, pH 8.0) and heated with continuous stirring until maximum viscosity was attained. The solution was then poured on to plates (190 x 140 mm) to give a 4 mm layer. Graphite electrodes were inserted 150 mm apart and wells (9 x 1 mm) were cut 6 mm apart. The plates were stored overnight at 4 "C covered with Clingfilm.
Bromophenol blue was added as a marker to each extract prior to electrophoresis. Samples of 100 pl were loaded and electrophoresis was carried out at 120 V for 2.5 h at ambient temperature. Electrophoresis buffer was dropped on to the gel surface intermittently to prevent excess heating or drying out.
The gels were stained as described by Baillie & Norris (1963) and RF values for the esterase bands relative to the bromophenol blue front were determined.
Preparation and analysis of DNA.
[32P]DNA was prepared from B. stearothermophilus NCA 1503 and B. caldotenax grown at 60 "C and from B. subtilis 168 and B. coagulans ATCC 8038 grown at 35 "C in the following medium (g 1-l): Tris, 6; glucose, 10; KCI, 5 ; MgS0,.7H,OY 1 ; NaCI, 4; glutamic acid, 5 ; Difco Casamino acids, 1 ; Difco yeast extract, 0.1 ; L-tryptophan, 0.025; plus 32P043-[1.2 mCi 1-1 (44 MBq 1-I)].
The pH was adjusted to 7.4 with HCl. For unlabelled DNA, all strains were grown at 60 "C in the medium of Sargeant et al. (1971) but with 1 % (w/v) glucose replacing sucrose as the major carbon source. Bacillus subtilis 168 (Trp-), B. amyloliquefaciens H1, B. megaterium KM, B. coagulans ATCC 8038 and ATCC 12445 and E . coli K12 HfrH were grown at 35 "C in this medium.
Cells washed with 0.1 5 M-NaCl, 0-01 M-N~,EDTA, 0.01 M-Tris/HCl (pH 8.0) were treated with lysozyme (0.2 mg ml-l, 22000 units mg-l; Boehringer) in similar buffer, but containing 0.05 M-Na,EDTA, for 20 min at 25 "C and lysed with sodium dodecyl sulphate (20 g 1-I) at 70 "C for 15 min. The lysed material was incubated with Proteinase K (50 pg ml-l, 20 units mg-l; Boehringer) for 16 h at ambient temperature. DNA was isolated as described by Marmur (1961) and further purified as described by Shah et al. (1976) .
Thermal denaturation of purified DNA was carried out as described by Shah et al. (1976) in 0.15 M-Nacl, 0.015 M-sodium citrate, pH 7.0 (SSC) (Marmur & Doty, 1962) .
DNA-DNA hybridization was carried out essentially as described by Denhardt (1966) on Millipore HADP 25 mm diam. filters. Filters preloaded with 25 pg sonicated, heat-denatured (105 "C, 15 min) unlabelled DNA were annealed in 6 x SSC with 0-2 pg sonicated, heat-denatured [32P]DNA at 65 "C for 16 h under paraffin oil. Filters were then washed with 2 x SSC, dried and counted, DNA from E. coli K12 HfrH was used as a standard for thermal denaturation and as a blank in hybridization experiments. 
No strain utilized aesculin, dulcitol, inulin or citrate; no strain produced indole or acetoin.
* + , Large zone of hydrolysis; R, restricted zone of hydrolysis.
R E S U L T S A N D D I S C U S S I O N
The main taxonomic characters which distinguished B. coagulans ATCC 8038 and ATCC 12245 from the other 10 thermophiles tested agreed with those recorded by Buchanan & Gibbons (1974) . The B. coagulans strains grew readily on Sabouraud dextrose agar and in sodium azide broth (Table 1) . Their maximum and minimum growth temperatures were 61 "C and 25 "C, respectively ( Table 5) . They also showed a greater overall sensitivity to 
Constitutive enzyme production by thermophiles detected using the API-Z YM system
Bacteria were grown for 16 h at 60 "C on TSBA. Cells were suspended in distilled water (AQs0 = 1.5) and 60 pl was added to eachreaction cupule. The strips were incubated at 60 "C for 10 h before reading the results. Enzyme production was assessed qualitatively on a scale 0 to 5, 0 indicating no enzyme production, and 5 high enzyme production. Enzyme detected in reaction cupule" antibiotics (Table 2 ) but were not inhibited by thermocin 93 (Table 3) . DNA hybridization results showed a low percentage of hybridization with DNA from B. stearothermophilus NCA 1503 and B. caldotenax and their DNA yo G + C contents were lower than for the other strains examined, falling in the range 47 to 48 % ( Table 7) .
The three caldo-active strains of Heinen (1971) and the other seven thermophiles couId be placed into the three major groups of Walker & Wolf (1971) ( Table 8 ). In group 1 B. stearothermophilus ATCC 12016 complies with their three main criteria; B. caldotenax and B. caldovelox also showed restricted hydrolytic activity on starch, grew poorly in anaerobic Heinen & Heinen (1972) B. stearotherrnophilus. The results in Table 6 confirm the subdivision into three groups (Table 9 ) corresponding closely to those of Walker & Wolf (1971); group 1, however, showed some variation. The esterase enzyme pattern of B. stearotherrnophilus 262 closely resembled that of the caldo-active bacteria but had a third, weakly staining band. Bacillus stearothevmophilus ATCC 12016 produced two strongly staining bands and one weakly staining band, but with RF values differing from those of other members of group 1.
Determination of the percentage similarity of the strains based on 43 characters (those in Table 1 , thermocin 93 sensitivity, and sensitivity to phages TPlC, TP84 and 12016b) showed two groups with > 80 yo similarity ( with the other groups, and appeared as a third group.
DNA hybridization results and 7 b G + C content (Table 7) supported the presence of three main groups (Table 10 ). Bacillus stearothermophilus 136 was similar to both strains of B. coagulans. Bacillus caldotenax and B. caldovelox had similar yo G + C contents and showed a high percentage of DNA hybridization. Bacillus stearothermophilus 262 had a "/6 G + C I4 M I C 117 Table 1 1. ClassiJication of strains based on matching coeficient Matching coefficient (Ss) was calculated from Ss = (a + d)/(a + b + c+ d), where a is the number of characters positive in both strains, b is the number of characters positive in strain 1 and negative in strain 2, c is the number of characters negative in strain 1 and positive in strain 2 and d is the number of characters negative in both strains. The 43 characters used for the calculation were all the tests from Table 1 , with growth in NaCl recorded at 2 % and 5 % and starch hydrolysis recorded as R (restricted), positive or negative, and susceptibilities to phages TPlC, TP84 and 12016b and to thermocin 93 from 
